For lack of basic information and engineering guidelines, common practice in the design and operation of liquid-cooled power distribution equipment allows for applied electrical potentials, but not for those generated inadvertently by the flow of the semi-insulating coolant. The electric field generation initiated by the turbulent flow of semi-insulating liquids through insulating tubes is the subject of a recent study [1] because of its practical importance where the coolant must be conveyed between metallic elements constrained to different potentials. A limiting case from that study is summarized here to illustrate how to integrate into a self-consistent model the four basic processes of electrification: charge generation, transport, accumulation and leakage.
INTRODUCTION
For lack of basic information and engineering guidelines, common practice in the design and operation of liquid-cooled power distribution equipment allows for applied electrical potentials, but not for those generated inadvertently by the flow of the semi-insulating coolant. The electric field generation initiated by the turbulent flow of semi-insulating liquids through insulating tubes is the subject of a recent study [1] because of its practical importance where the coolant must be conveyed between metallic elements constrained to different potentials. A limiting case from that study is summarized here to illustrate how to integrate into a self-consistent model the four basic processes of electrification: charge generation, transport, accumulation and leakage.
The high liquid flow rates that promote heat tnmsfer in the upstream metallic element generate the high shear stresses that so effectively entrain charge from the electrokinetic double layer at the liquid-metal interface [2] . The resulting convection current accounts for a net charge density in the liquid in the insulating tube, which drives the space-time evolution of surface charge at the liquid-insulating tube interface, and of electric stress within the tube wall. In the liquid conductivity and flow rate regimes of interest the thickness of the unperturbed charge double layer at the liquidtube interface (the Debye length) exceeds the diffusion sublayer thickness, so the entrained charge is distributed well into the core of the flow. Ion migration in the radial electric field set up by this space charge is assumed to dominate ion diffusion in transporting net charge from the liquid bulk to the liquid-tube interface where charge accumulates as a surface density. Conditions under which this migration limit applies include that for which the hazard is greatest: the net charge density at the tube inlet, supplied by upstream sources, vastly exceeds that which makes the normal current density at the interface vanish in an infinitely long tube [1] . Surface charge accumulated at the interface tends to leak away by conduction through the liquid bulk, and along interface if there is an appreciable surface conductivity. Both leakage processes are driven by the axial electric field generated by the surface charges and their images on conductors external to the insulating tube.
Despite the extensive literature on electrokinetic phenomena, there is a paucity of previous work on flow-generated electric fields in insulating tubes, allowing a detailed critique in [1] . The only model explicitly addressed to the transient is that of Gibbings and Saluja [3] who view the accumulation of surface charge as the result of a competition between "charging" and "rejection" components of the normal current density at the liquid-tube interface. However, they simultaneously decouple the transient from the external conductor configuration and violate Gauss' law by regarding the rejection component as proportional to the local surface charge density. By recording only "terminal" quantities such as the net influent and effluent currents, the previous experiments (e.g. [4] ) fail to capture the distributed character of the phenomena. However, the same experiments serve to confirm the practical importance of the migration limit by correlating the generation of significant electric stresses with the presence of an upstream charge source.
MODEL
The configuration shown in Figure 1 is a natural context for developing insights because the boundaries of the external region are simply described in a cylindrical coordinate system. To facilitate solution of Laplace's equation in that region the distribution of net charge in the insulating tube is specified by the volume charge density P (z,t) averaged over the tube cross section, and the line charge density A. (z, t) representing the total charge per unit length of tube, with contributions from both the volume and surface charge densities. A statement of volume charge conservation, written for the surface SI in Figure 1 and incorporating Gauss' law, is
where Eland cr 1 are the liquid permittivity and conductivity. Implicit in Equation 1 are assumptions that the ions remain in chemical equilibrium with a weakly dissociated solute, and that, consistent with the Debye length exceeding the diffusion sublayer thickness I), most of the charge is carried in the core of the flow where the local velocity approximates the superficial velocity U (Fig. 2) follows from the stipulation that no current flow across the curved part of the surface S2 in Figure 1 . 
gives the general evolution equation in.
which is specialized next to the particular external conductor configuration by relating the axial electric field to its sources: the line charge density A and the image charges induced on the conductor. In the electroquasistatic limit of Faraday's law the electric field in the external region is expressible as the negative gradient of a scalar potential: from Gauss' law applied to the surface S2 in Figure 1 :
The complete set of solutions to Laplace's equation satisfying the homogeneous boundary conditions is the series
and In and Kn are the nth order modified Bessel functions of the first and second kinds, respectively. The Fourier coefficients CPn are related to those of the corresponding series for the line charge density leads to an independent homogeneous first order equation for each An, and yields a distinct surface charge relaxation time 'T n for each spatial mode, the longest time constant being that of the fundamental mode (n = 1). Setting the time derivatives to zero instead yields the steady state distribution of charges and fields, which is established when leakage finally offsets the rate of surface charge accumulation.
EXPERIMENTS
As illustrated in Figure 3 , an electrometer monitors the net influent current 1(O,t) while flush-mounted field probes record the normal electric fields at two locations on the conducting enclosure, these fields being more accessible to measurement than that which stresses the insulation. With the time origin coincident with commencement of the flow, the solid lines in Figure 4 are results for Freon 113 [5] doped with the antistatic additive DCA-48 [6] flowing through a Tefzel [7] tube. Shown in Figure 4 as dashed lines, numerical solutions for the field components given by Equations 11 and 12 (evaluated at the appropriate coordinates) are in fair agreement with the observed charging transient. The observation of a constant rate of increase of surface charge over the same period in companion experiments where the capped cylinder is replaced by a close fitting conducting sleeve testifies to the dramatic effect of the external conductor in controlling the leakage process. The surface conductivity that enters Equation 4 through U e is evaluated from the relation obtained by equating the theoretical expression for the fundamental mode relaxation time to the experimental value extracted from the transient that follows interruption of the flow. In a virgin tube sample, the bulk liquid conductivity is found to make the dominant contribution to u"' while in a tube exposed to the doped liquid for an extended period the surface conductivity gradually evolves, and can eventually dominate [I 1.
DISCUSSION
Experiments incorporating an upstream charge generator (!ike the metal tube in Fig. 3 ) tend to support a picture in which the accumulation of surface charge by the self-precipitation of ions from the liquid bulk is opposed by an increasingly competitive leakage current driven by the generated axial electric field. The transport of net charge between the liquid bulk and the liquid-tube interface by diffusion, neglected in this picture, becomes important when the influent convection current is strongly attenuated by the insertion of a charge-trapping expansion volume at the tube inlet [I1.
While the model can be generalized to include diffusion (at the expense of introducing a tentative boundary condition at the liquid-tube interface), the migration limit outlined above proves a good representation for the practical conditions likely to result in electric stresses of the order of the dielectric strength of the insulation.
While the charging and relaxation transients are the basis for testing the model, the steady state solution anticipates the ultimate electric stress consistent with the modeled conduction process. Two strategies for limiting that stress to below the dielectric strength are suggested by the form of the predicted steady state. First, the proportionality of the potential coefficients ¢n(oo) to p(O,oo) confirms the value of limiting the influent convection current. This is accomplished either by doping the liquid with enough antistatic additive to make the Debye length less than the diffusion sublayer thickness in the upstream metallic element [2] , or by inserting a charge trap immediately upstream of the insulating tube [I1. Second, the conduction processes which offset the accumulation of surface charge in the steady state should be enhanced. Because its effect is confined to the insulating tube, a controlled surface conductivity may be preferable to the use of bulk liquid additives, which must circulate through the entire system. In addition, to enhance the axial electric field (and associated leakage current) at the expense of the radial stress, the external conductors should be configured to support most of the image charges near the ends of the tube. 
